Abstract-Dynamic temperature distributions in GaAs HBT are numerically analyzed in frequency domain as a function of power dissipation, frequency and space. Complete thermal characteristics, including frequency-dependent thermal impedance and phase lag behavior, are presented. The analysis is also extended for arbitrary periodic or aperiodic pulse heating operation to predict junction temperature of a Power Amplifier (PA) with non-constant envelope input signal. Dynamic junction temperatures of a single finger 2 µm×20 µm GaAs HBT are predicted for square pulse envelope signal input with power levels varying with up to 10 dB above a nominal average level of 40 mW and with pulse widths ranging from 10 ns to 100 µs. With the input envelope signal amplitude of 10 dB above the average, the analytical results show that junction temperature rises from room temperature of 27 • C to 39 • C when heated by 10 ns pulse and increases to 63 • C by 100 ns pulse, 105 • C by 1 µs pulse and to 198 • C by 100 µs pulse. A novel setup is developed for nano-second pulsed measurements, and the analysis is validated through time domain on wafer pulsed measurements at three different power levels: 0 dB, 3 dB, and 6 dB above the average level. Results show that analytical results track well with measured junction temperature within the accuracy of ±5 • C over the entire measurement set.
INTRODUCTION
Thermal effect plays an important role in RF and microwave power amplifiers (PA) where transistors are scaled into sub-micron size geometry and operated with high current densities. The temperature of the transistor depends on the heat generated inside it. The device reliability and both DC and RF performances of a PA are significantly degraded by the self heated transistor junction temperature (T j ). Self heating effect is extensively analyzed in the past and commonly included in standard bipolar compact models such as VBIC, HiCUM, MEXTRAM, and Agilent HBT [1] [2] [3] . First order equivalent thermal circuit with low pass behavior is used to predict T j . Mutual heating between fingers of a power HBT is also analyzed and modeled as a thermal resistance matrix [4] . These models gave good results in predicting steady state thermal effects. However, they have limitation in predicting dynamic T j . In general, four methods: (i) Numerical Analysis [5] [6] [7] , (ii) 3D Simulation [8] [9] [10] , (iii) Measurement [11] , and (iv) Behavior Modeling [12] [13] [14] , have been used to predict dynamic T j for various applications. Among these, frequency-dependent dynamic T j analysis is conducted using different envelope frequencies of up to 100 kHz in [11] , 1 MHz in [10] , and up to 10 MHz in [5, 9] . [10] reports that the thermal transient cutoff frequency is around 1 MHz, while [9] reported transient cutoff frequency of up to 10 MHz. These large variations in cutoff frequencies are due to the amount of heat dissipation and their dynamic variations in each case. For low power applications, small signal transient thermal analysis [15] is valid. However in the case of multi fingers power HBT and PA applications with large dynamic envelope amplitude variations above the average value, the use of small signal transient thermal analysis will produce erroneous results. The large dynamic envelope amplitude even for very short time durations, which are much smaller than the junction thermal time constant [8] , may cause large dynamic fluctuations in junction temperature T j .
Modern high speed communication systems use spectral efficient multi-carrier technique as Orthogonal Frequency Division Multiplexing (OFDM) and transmission efficiency improvement technique as Quadrature Amplitude Modulation (QAM). Regardless of individual carrier's characteristics, OFDM typically introduces peak to average power ratio (PAPR) of (8 to 13) dB, and QAM contributes another (3 to 6) dB [16] . Very high peaks generated from these systems can cause significant T j excursion from the average, hence resulting in nonlinear current gain that highly depends on the magnitude of the adjacent symbol envelope. These nonlinear effects with memory cause distortion of the envelope resulting in data reception error and spill-over of signal into adjacent channels. These distortions are regulated in transmitter performance measures. Less than 3% error vector magnitude (EVM) is demanded in WiMAX [17] . There is a need for compact simulation model that is able to model the short time dynamic thermal effect especially for the simulation and optimization of PA operating in high PAPR signals. In these PA, the collector (drain) supply is modulated at envelope frequency, and huge power fluctuation could occur in a short period of time. The signal envelope is complex and the dissipated power waveform contains various baseband components below the thermal cutoff frequency. The interaction of nonlinearity and dynamic effects makes T j prediction and thermal modeling complex.
This leads us to analyze dynamic temperature behavior under CW, periodic arbitrary and aperiodic arbitrary pulse signal with high power. The interest includes very short time period of a few tens of nano-seconds, which need very fine mesh for finite element method (FEM) as 3D simulation, and this make it time consuming [18] . In this paper, temperature distributions in GaAs HBT are numerically analyzed in frequency domain, as a function of power dissipation, frequency and space. It incorporates frequency-dependent complex thermal impedance behavior in the transistor. Through the use of Fourier signal analysis, this thermal analysis is extended into arbitrary periodic or aperiodic pulse heating operation. To mimic the heating by multi-carrier signals which have tens of MHz bandwidth with high peak to average power ratio (PAPR), T j for high power square pulses with power levels of 0 dB, 3 dB, 6 dB and 10 dB above the nominal average level of 40 mW and with pulse widths ranging from 10 ns to 100 µs, are analyzed. With the input square pulse signal amplitude of 10 dB above the average, the junction temperature is predicted to reach 39 • C when heated by 10 ns pulse, increasing to 63 • C by 100 ns pulse, 105 • C by 1 µs pulse and to 198 • C by 100 µs pulse. Time domain on wafer pulsed measurements of a single finger 2 µm × 20 µm GaAs HBT are conducted to validate the analysis. T j increases as the pulse power and pulse width increase, and the comparison between analytical result and measurements of T j for a 2 µm × 20 µm single finger GaAs HBT shows agreement within ±5 • C over the entire measurement set.
NUMERICAL ANALYSIS
Heat is generated in the transistor by dissipated power and conducted through the substrate. It is very common in a transistor that the length of the active heat source is longer than all other dimensions, and it can be treated as a line source. The rectangular shape heat generating volume is transformed into an equivalent cylindrical volume and analyzed in cylindrical coordinates as heat is conducted in radial direction. Applying cylindrical coordinate simplifies two rectangular space variables, x and y, into a single radial variable r. Single finger transistor schematic (un-scaled) with cylindrical isothermal surface.
the un-scaled geometry of a single finger HBT on the substrate with cylindrical isothermal surfaces. The initial and boundary conditions are assumed to be independent of θ and z coordinates along with the transistor, and the substrate is homogeneous and isotropic. The heat conduction equation in cylindrical coordinate with the presence of heat source is given by [19] ,
and the equation for the substrate without the heat source is,
where: T r (r = 1, 2) is the temperature increment above the ambient temperature; Q 0 is heat flow rate per unit volume; κ is thermal conductivity of the material; α is the thermal diffusivity. The heat flow rate and thermal diffusivity can be expressed as:
and α = κ/ρc respectively. Where: P 0 is power dissipation in the transistor; L is the length of the heat source; ρ is volumetric density; c is specific heat capacity of the substrate. Equations (1) and (2) are needed to satisfy initial and boundary conditions simultaneously.
Sinusoidal Thermal Wave
We first seek to analyze the dynamic thermal frequency response of (1) & (2), with the solution form as in [19] ,
Pure AC thermal sources (having negative heat power dissipation) cannot exist in reality. However, the frequency response can be measured experimentally [7] . By substituting (3) into (1) and (2), it follows that T r (r) must satisfy,
with, q 2 = iω/α. Equations (4) and (5) are non-homogeneous and homogeneous modified Bessel functions, respectively. Their general solutions can be written in the forms
where, T r1P is the particular solution of T r1 (ω, r), and I(qr) and K(qr) are the first and second kinds of modified Bessel solutions. Four constant terms, C 1,2,3,4 , have to be defined by using the following boundaries conditions,
where, a is the volume equivalent radius of the heat source, and b is the thickness of substrate. Perfect cooling at r = b is assumed and maintained at room temperature (T amb = 27 • C). With the given boundaries conditions in Equation (8), the four coefficients are derived as,
Substituting (9) and (10) into (6) and (7) gives the dynamic thermal behavior directly in the frequency domain as a function of power dissipation, frequencies and radial distance r. This scheme avoids the risk of unstable solutions associated with time domain and provides a complete, systematic dynamic characterization of the system [20] . A cylindrical heat source, which is volumetrically equivalent to a real single finger 2 µm × 2 µm HBT is analyzed. The considered schematic is shown in Fig. 1 . GaAs is chosen as substrate material with the following thermal properties: κ = 55 W/m • C, c = 330 J/kg • C, and ρ = 5318 kg/m 3 . The thicknesses of the transistor and substrate are 1 µm and 75 µm, respectively. A reference power level (40 mW) is set at half of the maximum current, 11 mA with 3.6 V power supply. The HBT is assumed to be driven by input signal at reference power level and then increases the dissipated power by 2 times, 4 times and 10 times compared to reference. (We will refer these power levels as 0 dB, 3 dB, 6 dB, and 10 dB respectively). For each chosen frequency and power level, T j is computed numerically, using the aforementioned analysis.
The calculated T j as a function of frequency is plotted in Fig. 2 . The results show that as the frequency (f ) increases from 10 kHz to 30 MHz at fixed power dissipation, T j drops linearly with log (f ). It is also noted that T j rises from 48 • C to 262 • C for 10 kHz input signal at 10 dB power overdrive. However, if the input signal frequency increases to 30 MHz at the same power overdrive, T j increases from 27 • C to 54 • C. These results show that there will be significant dynamic T j changes in a transistor when non constant envelope signal with high PAPR is present at the input. Fig. 3 shows the temperature distribution along the radial direction into the substrate. As the generated heat spread out to the wider substrate, the temperature field is attenuated and decays exponentially with distance from the junction. The decay rate increases with frequency and is often characterized by a parameter known as thermal layer thickness (δ) [21] , beyond which the substrate temperature remains unchanged. As thermal impedance (Z th ) varies with heated volume, this indicates significant thermal impedance changes at higher frequencies. Moreover, as heat cannot be transferred at infinite speed [19] , it takes significant time lag for the temperature at a particular radial distance to follow the instantaneous power dissipation in the transistor. This frequency-dependent delay introduces certain amount of phase lag, T r (ω, r) = |T r | e jΦ 1 (ω,r) (11) This phase lag parameter is an important factor for multiple sinusoidal thermal waves such as those encountered in dynamic T j analysis under pulse heating conditions. The various frequency components of the pulse will have different phases lag with respect to each other and hence may introduce constructive or destructive effects on the resultant thermal fields at a particular radial distance. However, the phase does not change with power. Fig. 4 shows the computed phase lag at the junction radial distance, r = a at different frequencies. The ac thermal impedance can be defined as the temperature rise ∆T in a volume for a unit quantity of heat supplied ∆Q, Figure 5 shows the ac thermal impedance Z th which is complex frequency dependent parameter at the junction radial distance r = a. Frequency-dependent nonlinear thermal impedance is clearly observed. This correlates well with thermal impedance analyzed by [7, 22] . In reality, Z th varies with power through temperature-dependent thermal conductance. However, isotropic assumption in this analysis makes Z th as power independent.
Periodic and Aperiodic Arbitrary Wave
In the case of non-constant envelope signal input, the resultant power wave P 0 (t) contains various baseband components below the thermal cutoff frequency. The frequency-dependent thermal wave Equations (6) and (7) can be used to analyze the resultant thermal field. Using Fourier analysis, the amplitude and phase spectrum of P 0 (t) can be evaluated as,
By substituting Equation (13) into Equations (6) and (7), the dynamic temperature response to arbitrary shape periodic power waveform heating can be evaluated. The total phase shift at a particular frequency shown in Equation (11) becomes,
By setting lim ∆f −→ 0, Equation (13) can be adopted for arbitrary shape aperiodic signal. So, this analysis is applicable to a wide range of signal types, from CW to arbitrary pulse, at different power levels, various substrate positions and material properties.
Square Pulse Signal
Dynamic thermal response to square pulses signal input to the transistor is analyzed. Pulse widths (τ ), ranging from 10 ns to 100 µs with pulse repetition rate (PRF) of 1 kHz, are selected to be analyzed at various power levels. Isolating the steady state heating effect, the analysis is conducted with no average power level. The amplitude and phase of each frequency component of the pulse signal are determined using (13) . Fig. 6 shows the normalized amplitude and phase spectrum of c n in a single graph. Fourier coefficients, c n , of the square pulse are real, and consequently, the phase spectrum is either zero, when c n is positive, or π when c n is negative. T r (ω, r) is then calculated at every frequency component within a truncated range. The temperature contributed from each frequency component is summed up in a vector form. Fig. 7 shows the computed T j as a function of pulse width and power. The results show that as pulse power increases from 0 dB to 10 dB, T j is raised to 40 • C for 10 ns pulse, 72 • C for 100 ns pulse, 105 • C for 1 µs and to 193 • C by 100 µs.
INVESTIGATION THROUGH MEASUREMENTS

Measurement Setup
To validate the analysis, time domain on wafer measurement is carried out using a single finger 2 µm×20 µm InGaP/GaAs HBT. We introduce a novel measurement setup where both pulsed base and collector can be applied. Matched load conditions with DC signal coupling are provided at both the base and collector monitoring circuits for measurements with a wide range of pulse width from DC to a few ns. The measurement setup is shown in Fig. 8 . A base current sensing resistor (R BS ) is inserted in series between the pulse generator and the base of the transistor. The voltages across R BS are measured through sensing resistors R CH1 and R CH2 . Precise indication of I b and V be is mandatory in these measurements. The values of R BS , R CH1 and R CH2 are optimized for a given range of I b and V be . In these measurements, I b is in the range of 10 µA to 10 mA, while V be is ranging from 1.3 V to 1.6 V. The values used are R BS = 500 Ω, R CH1 = 1 kΩ, and R CH2 = 1 kΩ. Similarly, R CS is used to sense the collector current by the measurement of potential difference across it through sensing resistors R CH3 and R CH4 . The value of R CS should be chosen to ensure that the HBT is in a stable condition in addition to consideration of I c measurement accuracy. In these measurements, I c is in the range of 1 mA to 200 mA. The values used are R CS = 50 Ω, R CH3 = 1 kΩ, and R CH4 = 1 kΩ. DC feed inductor is eliminated to minimize voltage spike [23] . A shunt capacitor C is added to provide instantaneous charges at the rising edges. A zener diode is added in shunt to prevent the HBT from damage during off period. All sampled voltages at the oscilloscope are de-embedded to the base and collector of the HBT. 50 Ω cables are used to connect the voltage monitoring points to the oscilloscope, and the input impedance of the oscilloscope is set to 50 Ω to prevent reflections. A sample measured time domain pulse response, de-embedded to base and collector, for 10 ns input with constant V cc is shown in Fig. 9 . The HBT is biased in the common emitter configuration for Class-C operation. It has a cutoff frequency of 35 GHz, a maximum frequency of oscillation of more than 100 GHz, 
Thermal-Dependent V be Characterization
First, we characterize the dependency of V be on temperature. V be variation with temperature is measured at fixed I b by using a Semiconductor Parameter Analyzer (SPA). The base plate temperature of the HBT is varied from 25 • C to 120 • C using a heated platform, and V ce is varied from 1 V to 4.5 V with 0.5 V step. Fig. 10 shows measured V be at different power dissipations. Results show that V be reduces as base plate temperature and power dissipation increases. It is also noted that V be is a nonlinear function of power, and it drops linearly with temperature at around 1.3 mV/ • C as shown in Fig. 11 .
Result and Discussion
The input pulse widths ranging from 10 ns to 100 µs are selected for this identification to cater for wide range of signal bandwidth. To eliminate heat accumulation effect, PRF of 10 Hz is set to 100 µs pulse, and 1 kHz is set for the rest. The pulses are superimposed on 1.1 V DC generated from a HP8131A pulse generator and applied to the base. A DC power supply is directly connected to V cc and adjusted so that V be = V ce (V bc = 0) is maintained for all pulse amplitudes. This ensures that the power is solely dissipated in the Base-Emitter junction. Measurements are conducted at three different power levels: 0 dB, 3 dB and 6 dB above 40 mW. However, due to the limitations in equipments power handling, 10 dB power level is dropped from the measurement.
V be are monitored for different input pulse widths and shown in Fig. 12 . The corresponding collector current drop is shown in Fig. 13 . Results show that V be drops by 15 mV, 37 mV and 75 mV with increasing pulse Figure 13 . Corresponding I c variation under pulsed measurements, power levels. width from 10 ns to 100 µs, for 0 dB, 3 dB and 6 dB power levels, respectively. Meanwhile, the collector currents drop 2 mA, 10 mA and 21 mA accordingly. As shown in earlier analysis, 10 ns pulse with 0 dB power level is short enough to ensure that the transistor is not heated up and isothermal condition is set. The response of the transistor in this case can be assumed to be purely electrical. Hence, the base-emitter voltage corresponding to 10 ns pulse with 0 dB power level is taken as a reference. Assuming a V be temperature dependent coefficient of 1.3 mV/ • C, the junction temperature T j is extracted from the measured data. Fig. 14 shows the extracted T j from measurement and analytically predicted. Close agreements between measured and analytically predicted junction temperatures within ±5 • C are observed.
CONCLUSIONS
Dynamic heating in GaAs HBT by high power pulse signal is analyzed in frequency domain. The analysis is applicable to a wide range of signal types, power levels, frequencies, substrate position and material properties. Short period excessive power heating effect is integrated into the analysis to accurately predict the junction temperature for Power Amplifier with non-constant envelope input signal. The integrated analysis is applied to predict the junction temperature for high power square pulses with a wide range of pulse width, including pulse width as short as 10 ns. Time domain on wafer pulsed measurement setup is developed for short pulse width measurements, and the accuracy of the pulsed thermal analysis is validated. ±5 • C accuracy over entire measurement set is achieved.
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